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Abstract

The murine lower incisor ectodermal organ contains a single epithelial stem cell

(SC) niche that provides epithelial progenitor cells to the continuously growing rodent

incisor. The dental stem cell niche gives rise to several cell types and we demonstrate

that the miR-200 family regulates these cell fates. The miR-200 family is highly

enriched in the differentiated dental epithelium and absent in the stem cell niche. In

this study, we inhibited the miR-200 family in developing murine embryos using new

technology, resulting in an expanded epithelial stem cell niche and lack of cell differ-

entiation. Inhibition of individual miRs within the miR-200 cluster resulted in differen-

tial developmental and cell morphology defects. miR-200 inhibition increased the

expression of dental epithelial stem cell markers, expanded the stem cell niche

and decreased progenitor cell differentiation. RNA-seq. identified miR-200 regu-

latory pathways involved in cell differentiation and compartmentalization of the

stem cell niche. The miR-200 family regulates signaling pathways required for cell

differentiation and cell cycle progression. The inhibition of miR-200 decreased

the size of the lower incisor due to increased autophagy and cell death. New

miR-200 targets demonstrate gene networks and pathways controlling cell differ-

entiation and maintenance of the stem cell niche. This is the first report demon-

strating how the miR-200 family is required for in vivo progenitor cell

proliferation and differentiation.

K E YWORD S

ectoderm, epigenetics, microRNA, progenitor cells, stem cell expansion, stem cell plasticity,
tissue-specific stem cells, transgenic mouse

1 | INTRODUCTION

The regulation of gene expression by noncoding RNAs, including

microRNAs (miRs), have been shown to contribute to the develop-

ment of different organs, including teeth.1-4 At each stage, a

precise gene expression profile is required in both the epithelial

and mesenchymal tissues for organogenesis to proceed. Several

major signaling pathways, including Wnt, Bmp, Hedgehog, TGF-β,

Eda, and Hippo signaling pathways are required to orchestrate

tooth development by controlling the expression of target genes,
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including transcription factors, within the dental epithelium and

mesenchyme.5-9 However, other mechanisms to regulate gene

expression such as noncoding RNAs and epigenetics have begun

to be examined for their roles in ectodermal organ development.

Our group has overcome the technical challenges of studying

miRs and has developed a Plasmid based miR Inhibitor System

(PMIS).10 The inhibitor encodes a 122 nt structured transcript which

targets miRs for suppression by seed sequence homology, allowing a

single inhibitor to functionally inhibit miRs with identical seed

sequences. The PMIS was engineered to bind RISC factors associated

with mature miR processing to create a high affinity binding of the

miR to the inhibitor, increase efficiency and specificity. The PMIS sys-

tem can be used to establish stable cell and mouse lines for functional

studies in vitro and in vivo.10-12

Murine lower incisor organization makes it an attractive

model for studying how miRs govern stem cell differentiation.

Dental epithelial stem cells (DESCs) are compartmentalized

within the labial cervical loop (LaCL) and begin to differentiate

as they migrate out of this stem cell niche compartment (top

panel, Figure 1). Individual stem cell niches use distinct combina-

tions of stem cell factors and signaling molecules to control stem

cell self-renewal and proliferation. Stem cells must reside in the

niche to maintain long-term self-renewal, but how they are con-

fined remains unresolved. The DESC population is self-

maintaining throughout the lifetime of the animal.13,14 DESCs

express high levels of the transcription factors Sox2, Bmi1 and

Pitx2, and have been shown to give rise to all the different types

of cells composing the lower incisor.15 DESCs differentiate at

the transient amplifying zone, a stretch of cells that separates

the LaCL from the rest of the lower incisor.16,17 Many studies

have shed light on the spatio-temporal cues that regulate the

differentiation of the dental epithelium, but the nature of these

cues is not entirely understood. We demonstrate in this report

how dental epithelial stem cells are maintained in their niche

through miR-200 regulation of stem cell factors, signaling path-

ways and autophagy mechanisms.

By profiling the expression of miRs within the stem cell niche

and in the differentiating dental epithelial tissues, several miR

families have emerged as likely candidates for regulating DESC

differentiation. The miR-200 family encodes five mature miRs that

compose two different functional groups, which are defined by

seed sequence homology (Supporting Information Figure S1A).

miR-200a/141 and miR-200b/c/429 share seed sequences and

thus target the same set of mRNAs.18 Interestingly, even though

the seed regions of each functional group only differ by a single

nucleotide, they may regulate predominantly nonoverlapping sets

of genes.19 Each group has also been shown to target transcrip-

tion factors known to be required for ectoderm organ develop-

ment including Sox2, Klf4 (miR-200c), and Pitx2 (miR-200a).3,4,20

We have previously reported that the miR-200 family is not

expressed in the DESCs and labial cervical loop region2,21; how-

ever, the miR-200 family are expressed and associated with

differentiating dental epithelial cells. By constructing PMIS-miR-

200a and PMIS-miR-200c inhibition mouse lines, we examined

in vivo how inhibiting either functional group independently, or,

both at once by crossing the lines, affected stem cell maintenance

and differentiation.

2 | MATERIALS AND METHODS

2.1 | Animals

Mice were housed and handled in accordance with guidelines

established by the University of Iowa Institutional Animal Care and

Use committee. All experimental techniques were approved by the

University of Iowa IACUC guidelines. The construction of PMIS inhibi-

tor mice was previously described.10 To obtain double inhibitor mice,

we crossed the PMIS-miR-200a and PMIS-miR-200b mouse lines. E0.5

was designated upon finding a vaginal plug.

2.2 | RNA sequencing

Poly(A) sequencing libraries were prepared using the Illumina

TruSeq-stranded-mRNA protocol, after RNA quality was assessed

using an Agilent Technologies 2100 Bioanalyzer. Adenylated mRNAs

were isolated using oligo-(dt) magnetic beads (two rounds) and frag-

mented using elevated temperature in a divalent cation buffer. After

library construction and quality control, sequencing was performed

on the NovaSeq 6000 sequencing system by Illumina. The bioinfor-

matics pipeline included: Cutadapt (removes adaptor contamination),

HISAT2 (read mapping), StringTie (assembly), and then trans-

criptomes were merged using perl scripts and gffcompare. StringTie

Significance statement

Current microRNA (miR) inhibition methods cannot be used

to study in vivo developmental stem cell processes. CRISPR-

Cas genome editing cannot specifically knockout a miR

within a cluster. Furthermore, not all miRs, especially within

introns can be targeted by the CRISPR method without

affecting gene expression. Embryonic Stem (ES) cells have

been profiled for miR expression; however, cell-based

assays using oligonucleotides targeting miRs are not specific

and are toxic. The authors developed a highly specific, effec-

tive miR inhibitor that can be used to knockdown miRs dur-

ing embryonic development to determine their effect on

stem cells, cell proliferation, and differentiation. The authors

show that the miR-200 family acts to compartmentalize an

ectodermal stem cell niche by regulating progenitor cell dif-

ferentiation during development.
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as well as edgeR were then used to estimate expression levels of

the transcripts. RNA-sequencing and analyses were performed by

LC Sciences (Houston, Texas).

2.3 | BrdU labeling

BrdU was injected interperitoneally in pregnant females and allowed

to incubate for 2 hours. After incubation, females were sacrificed, and

embryos were prepared for paraffin section as previously described.

Sections were processed according to the IF protocol described

below.

2.4 | RNA isolation from tissue

Fresh tissue was dissected and RNA was isolated by flash freezing in liq-

uid nitrogen and pulverization. The pulverized tissue was processed using

the miRNeasy Mini kit by Qiagen to isolate total RNA and miR. RNA

quality was assessed by gel electrophoresis prior to RT applications.

2.5 | RT-qPCR for mRNA and miRNA

For mRNA, 0.5-1 μg of total RNA was used in an RT reaction with the

5x primescript RT kit (Takara Bio). cDNA was diluted 1:5 and 1 μL was

F IGURE 1 The miR-200 family regulates Sox2 expression in the stem cell niche. A depiction of lower incisor early development is shown
in the top panel. The dental epithelial cells invaginate from a dental placode into the mandible and Sox2+ cells become localized to the LaCL
by E16.5. The LaCL contains the dental epithelial stem cells (DESCs) which produce progeny to populate the cell layers of the continuously
growing rodent incisor. A-D, Sox2 is expressed in the oral epithelium and dental placodes of WT and inhibitor mice at E11.5. E-H, At E13.5,
Sox2 is expressed in the oral epithelium as well as in a subset of posterior lower incisor tooth bud cells. The inhibition of miR-200c and the
entire miR-200 family results in a smaller tooth bud. When the entire miR-200 family is inhibited, every cell in the lower incisor tooth bud is
Sox2+ at this stage. I-L, At E16.5, in WT and PMIS-miR-200a embryos, Sox2 expression is compartmentalized within the labial cervical loop
and only expressed by DESCs. When the miR-200c functional group is inhibited, Sox2 expression is decompartmentalized, and transient
amplifying cells as well as stellate reticulum cells are Sox2+. In PMIS-miR-200a/c lower incisors the entire, expanded cervical loop region is
Sox2+. Sox2 is expressed in the transient amplifying (TA) region as stratum intermedium (SI), stellate reticulum (SR), and lingual cervical
loop (LiCL)
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used per qPCR reaction. qPCR reactions were normalized to b-actin

levels. For miRNA, RT was performed using the Qiagen miScript kit.

Resultant cDNA was diluted 1:5 and 1 μL was used per qPCR reac-

tion. qPCR probes for specific genes were provided by Qiagen, as well

as the normalization set for murine U6.

Gene Forward primer Reverse primer

β-actin ctcttccagccttccttc atctccttctgcatcctgtc

GLI2 tggccgcttcagatga

cagatgttg

cgttagccgaatgtcagccgtgaag

GLI3 ggccatccacatggaatatc tgaagagctgctacgggaat

PMIS-miR-

200a

ctaaacatcgttaccaat

cagacagtg

gtcagctcttagtattcatgagatg

PMIS-miR-

200c

ctaatccatcattacccat

cagacagtatta

gtcagctcttagtattcatgagatg

2.6 | Paraffin embedding and sectioning

After dissection embryos were fixed from 0.5 to 4 hours, 4% PFA, at

room temperature, and dehydrated through an ethanol gradient. After

dehydration, Tissues were precleared with xylene and incubated with

three changes of paraffin, and then finally placed into blocks. In order to

produce slides, 7 μm sections were cut from paraffin blocks, floated out

in a 45�C water bath, and mounted (VWR Vistavision slides). Prior to

staining, slides were deparaffinized an rehydrated through a reverse eth-

anol gradient. H&E staining has been previously described.3

2.7 | Immunohistochemistry

IHC was carried out using the protocol highlighted in the Mouse and Rab-

bit Specific HRP/DAB (ABC) Detection IHC kit (ABCAM ab64264). Briefly,

after rehydration, slides were subjected to antigen retrieval by boiling in

citrate buffer (antigen unmasking solution, citric acid based, Vector) and

allowed to slowly cool to room temperature. Slides were washed in PBS

and blocked (protein, and then hydrogen peroxide block), and then incu-

bated with primary antibody overnight (4�C). Slides were washed and then

incubated secondary (anti-rabbit/anti-mouse biotinylated) and tertiary

antibodies (streptavidin-HRP) to label targets with HRP, incubated for

30 seconds to 1 minute with DAB substrate. Slides were counterstained

with hematoxylin and coverslips were added before imaging.

2.8 | Immunofluorescence

After paraffin sectioning, antigen retrieval was performed by boiling

slides in citrate buffer from 12 to 20 minutes. Slides were washed

(PBS) and blocked for 30+ minutes with 20% Donkey serum. Primary

antibodies (see below) diluted in PBS were applied to the slide in a

humidified chamber overnight, 4�C. The following day, slides were

washed (3×, PBS), and secondary antibody was applied (1:300 dilu-

tion, Donkey anti Goat 594, Rabbit 488, or Mouse 488/594, Alexa

Fluor). Slides were washed 3× (PBS) and counterstained with DAPI.

Slides were washed 3× (PBS) and mounted (Aqua-mount, Lerner

Labs). Images were taken using a Zeiss 700 confocal imaging system.

LS-8 cells22 were seeded on cover slips, allowed to grow for

12 hours. Cells were then incubated in normal media (10%FBS) or

media with 0.5% FBS and Chloroquine (5 μM) for 8 hours. Cells were

fixed in 4%PFA, permeabilized with 0.2% triton and blocked with 10%

goat serum. Slips were incubated overnight with LC3AB antibody

(Cell Signaling Inc) at 1/2000 dilution at 4�. Slips were washed with

PBS-tween ×4, and Goat anti rabbit A568 (Invitrogen) was incubated

for an hour at RT. Cells were washed as above, treated with Mount-

ing/Dapi (Vector labs) and placed on slides. Images were taken using a

Zeiss 700 confocal microscope. Data shown is A568/Dapi merge.

Antibody Company/number Dilution

P63 Biocare Medical/CM163A 1:50

Cdh1 BD Transduction/610 181 1:200

BrdU Abcam/ab6326 1:250

P21 BD Transduction 1:500

Lef-1 Cell Signaling/2230 1:100

LC3B Cell Signaling/D11 1:50

DSPP Santa Cruz/18 328 1:50

Desmoplakin BioRad/DP-2.15 1:50

Irx1 Sigma Prestige/A043160 1:50

Sox2 (IF) R&D Systems/AF2018 1:50

Sox2 (IHC) Abcam/ ab92494 1:100

Pitx2 R&D Systems/AF7388 1:100

Tbx1 Zymed 1:100

Isl1 DSHB 1:10

GFP Sigma 1:150

LC3AB Cell Signaling 1:2000

GAPDH Santa Cruz 1:8000

CC3 Cell Signaling/9661 1:500

2.9 | TUNEL staining

Seven micrometer paraffin sections baked to slides were rehydrated.

The DeadEnd Fluorometric TUNEL system (Promega, G3250) protocol

and kit was utilized to label dying cells. Images were taken with the

Zeiss 700 confocal imaging system.

2.10 | 3-D reconstruction of lower incisors

Three-dimensional (3D) reconstruction of the lower incisors in WT,

PMIS-miR-200a, PMIS-miR-200c, and PMIS-miR-200a/c lower incisors
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was performed by serial sectioning the complete hemi-mandible and

staining each section with H&E. Each section containing the lower

incisor was then imaged (approximately 30 sections per lower incisor)

using a Nikon Eclipse 80i microscope. The individual images were sta-

cked using the stackreg function on ImageJ, and then loaded into

Imaris to construct the 3D image.

2.11 | Statistical methods

P values were calculated using two tailed, unpaired T tests using at

least three biological replicates for each group. Error bars are pres-

ented as ±SE of the mean in every figure. * indicates a P value of <.05,

**<.01, ***<.001, ****<.0001.

3 | RESULTS

3.1 | The miR-200 family is specifically inhibited in
PMIS-miR-200 embryos

The miR-200 family is composed of five mature miRs which are in two

clusters found on chromosome 1 and 12 in humans and chromosome

4 and 6 in mice. Two seed sequences are shared among the five

mature miRs composing the family; these sequences differ by a single

nucleotide and allow the miRs to target overlapping and non-

overlapping pools of mRNAs (Supporting Information Figure S1A).

Our group constructed mouse lines expressing the PMIS inhibitor for

the miR-200a/141 (PMIS-miR-200a) and miR-200b/c/429 (PMIS-miR-

200c) functional groups. Crossing the mice produced embryos

expressing both inhibitor systems (PMIS-miR-200a/c, or double inhibi-

tor [DI] embryos). The DI embryos were smaller than PMIS-miR-200a

or PMIS-miR-200c E16.5 littermates (Supporting Information

Figure S1B). Most of the DI embryos were embryonic lethal and only

well-formed living E16.5 embryos were used in the following

experiments.

Because the PMIS inhibitor is expressed as an RNA molecule,

levels of the inhibitor transcript can be determined using RT-qPCR.

Mandibular RNA (including the lower incisor) was isolated from WT

and PMIS-miR-200a/c littermates and PMIS expression was measured

(Supporting Information Figure S1C,D). High levels of PMIS expres-

sion were found in the DI embryos, and from the same samples,

RT-qPCR demonstrated a reduction in the detectable levels of the

entire miR-200 family (Supporting Information Figure S1E-I). We detect

residual levels of target miRs because the PMIS system binds the miRs

with a high affinity and forms a stable PMIS-miR complex that is slowly

degraded in cells. Thus, some miRs remain attached to the PMIS and are

PCR amplified when the tissues/cells are lysed resulting in the detection

of residual levels of miRs. Upon functional testing we have shown that

the PMIS inhibits over 90% of miR activity.10,11

Previously, we reported that the function of the PMIS inhibitor is

dependent on seed sequence homology, and that the substitution of a

single base within the seed sequence prevents inhibition.10,11 In order

to confirm the specificity of the system in vivo, we identified miRs

with three different types of relationships to the miR-200 family: miRs

containing an identical seed sequence, but with one base substitution,

1MM; miRs containing an identical seed sequence, but located in a

different position on the miR, SS; and miRs with little homology to the

miR-200 family, MH (Supporting Information Figure S2A). Using

RT-qPCR, the level of these miRs was then quantitated and compared

between WT and PMIS-miR-200a/c samples. After examining 1 MM,

3 SS, and 3 MH miRs, we found that there was no significant differ-

ence in the levels of these miRs in PMIS inhibitor mice compared with

WT controls and no effect on their functional targets (Supporting

Information Figure S2B-D). The lack of inhibition of miRs selected for

their similarity to the miR-200 family demonstrates that the PMIS sys-

tem specifically inhibits the miR-200 family.

3.2 | The miR-200 family compartmentalizes Sox2
expression within the stem cell niche

Sox2 is required for dental stem cell self-renewal and has been vali-

dated as a direct target of miR-200c.2,20,21 A depiction of early tooth

development, with the location of the Sox2+ cells, the invaginating

dental epithelia, formation of the lingual and labial cervical loops (LiCL

and LaCL, respectively), the dental epithelial stem cells (DESCs)

located in the LaCL and the adult murine mandible showing the molars

and incisor are shown in the top panel of Figure 1. Sox2 expression

was determined in WT and miR-200 inhibitor lower incisors at differ-

ent developmental stages (Figure 1).13,23 In E11.5 embryos, when a

thickening in the oral epithelia forms a dental placode, Sox2 was

expressed in the posterior region of the placode in all genotypes. This

expression pattern is consistent with previous reports of Sox2 expres-

sion in E11.5 embryos (Figure 1A-D, arrow).13

At E13.5, the bud stage WT lower incisor expresses Sox2 in the

posterior region (Figure 1E), the PMIS-miR-200a incisor has reduced

Sox2 expression and PMIS-miR-200c tooth buds have an increased

Sox2 expression pattern (Figure 1F-G), although the tooth bud from

PMIS-miR-200c lower incisors is smaller. Interestingly, in the PMIS-

miR-200a/c or double inhibitor (DI) embryos, the entire tooth bud

expresses Sox2 (Figure 1H), demonstrating that the miR-200 family

plays a role in compartmentalizing Sox2 expression at this stage.

At E16.5, Sox2 expression is restricted to the posterior of the

labial cervical loop stem cell niche in the lower incisor in WT and

PMIS-miR-200a lower incisors (Figure 1I-J). Interestingly, when miR-

200c is inhibited, Sox2 expression is expanded within the stem cell

niche, and cells exiting the loop in the transient amplifying cells (TAC)

retain Sox2 expression (Figure 1K, arrow). In the DI lower incisor, the

LaCL stem cell niche is enlarged, and all the cells within the niche

express Sox2 including the stellate reticulum (SR), outer enamel epi-

thelium (OEE) and TAC (Figure 1L, magnified in Figure 2). Interest-

ingly, Sox2 expression is not only expanded within the LaCL of the DI

embryo, but is also activated in the lingual cervical loop (LiCL), where

it is not expressed in WT embryos (Figures 1L and 2A,B). Cells

throughout the lower incisor are Sox2+ in the DI embryos (Figure 1L).
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Sox2 expression in the upper incisor was also increased in the

PMIS-miR-200 embryos. WT upper incisors (UI) at E16.5 express Sox2

in the posterior cervical loop (Figure 2C); however, Sox2 expression

was increased and expanded outside of the stem cell niche in DI

upper incisors (Figure 2D). Higher magnification of the E16.5 lower

incisor LaCL shows the Sox2+ cells in WT (Figure 2E), in PMIS-miR-

200a (Figure 2F), expanded into the SR and TA cells in PMIS-miR-200c

(Figure 2G) and greatly expanded into these regions in the DI LaCL

(Figure 2H). Quantitation of the number of Sox2+ cells in the LaCL is

shown.

To better distinguish the type of cells in the expanded LaCL and

TA regions we assayed for Pitx2 and Tbx1 expression by

immunofluorescence and immunohistochemistry, respectively. We

previously reported that both Pitx2 and Tbx1 mark both of these

regions. Pitx2 expression is expanded in the TA (transient amplying)

and SR (stellate reticulum) regions in the PMIS-miR-200a/c embryos

(Supporting Information Figure S3). Tbx1 expression marks the stem

cell region in the LaCL and TA cells and is also expanded in the PMIS-

miR-200a/c embryos (Supporting Information Figure S3). Pitx2 is

directly regulated by miR-200a,4 while Tbx1 is not directly regulated

by these miRs.

To confirm the regulation of Sox2 expression by the miR-200 fam-

ily, we took advantage of a Sox2 reporter mouse line (Jackson Labs

017592) where the GFP ORF has been knocked into the endogenous

F IGURE 2 The miR-200 family regulates Sox2 expression in the lower incisor lingual and labial cervical loops and the upper incisor. A and B,
IHC for Sox2 protein reveals that while it is not expressed in the lingual cervical loop (LiCL) or incisor tip in WT E16.5 embryos, it is activated
when both functional groups of the miR-200 family are inhibited. C and D, Cells in the cervical loop of the WT upper incisor express Sox2 protein

at E16.5. Upon inhibition of the miR-200 family, Sox2 protein is more highly expressed and expanded in the upper incisor. E-H, Higher
magnification of Sox2 staining in the lower incisor labial cervical loop of the WT E16.5 embryo; the PMIS-miR-200a E16.5 embryo; the
PMIS-miR-200c E16.5 embryo; and the PMIS-miR-200a/c E16.5 embryo. The relative number of Sox2+ cells in the LaCL were quantitated and
values expressed from 3 or more biological replicates. The Sox2 30UTR regulates its expression during incisor development. I, A schematic of the
WT Sox2 allele and the reporter line obtained from Jackson labs. The knock in of GFP eliminates the endogenous miR-200c binding site of the
Sox2 locus. J, J0, and J00, Staining for endogenous Sox2 protein (red) and GFP protein (green) in the LaCL region. Sox2 and GFP are coexpressed in
the LaCL, but the GFP expression region is larger. J0 and J00 show single channels of J. K, K0 , and K00 , Staining for endogenous Sox2 protein (red)
and GFP protein (green) in the LiCL region of the lower incisor and no endogenous Sox2 protein is detectable by IF, but GFP protein is present. K0

and K00 show single channels of K
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Sox2 locus. An unintended consequence of generating the reporter line

was the ablation of the Sox2 endogenous 30 UTR, which removes

regulation by the miR-200 family (Figure 2I). In order to examine the

expression of the unregulated reporter compared with the endogenous

miR-regulated Sox2 protein, WT P4 lower incisors were costained for

EGFP and Sox2 protein. The LaCL and LiCL were imaged and the

red (Sox2) and green (GFP) channels were examined separately

(Figure 2J0-J00,K0-K00). In the LaCL, both Sox2 and GFP were detected,

although the expression domain of GFP protein was greater than the

endogenous Sox2 protein. In the LiCL, no native Sox2 was detectable

(Figure 2K0); however, GFP expression was detected in this region

(Figure 2K00). The merged images show endogenous Sox2 and GFP in

the LaCL (Figure 2J) and only GFP in the LiCL (Figure 2K). These data

indicate that the Sox2 promoter drives expression in the LaCL and the

LiCL, but endogenous Sox2 protein is only expressed in the miR-200

negative LaCL due to miR-200 targeting the 30UTR and in the LiCL.

These data suggest miR-200 is required for Sox2 compartmentalization,

as well as distinguishing the labial and lingual cervical loops of the inci-

sor. Taken together, these data indicate that the miR-200 family acts to

compartmentalize the expression of the dental stem cell transcription

factor Sox2 within the stem cell niche or LaCL during development.

3.3 | miR-200 family inhibition regulates incisor
tissue composition and length

The role of the miR-200 family in tooth organogenesis was deter-

mined at different developmental stages. At E11.5, in wildtype

embryos dental ectoderm development begins as a thickening of the

oral epithelial tissue called the dental placode (Figure 3A, arrow). Indi-

vidual miR-200 family functional groups inhibited independently

(Figure 3B,C, arrow) or together (DI embryos; Figure 3D, arrow) did

not affect the formation of the placode, which was observed in all

genotypes.

F IGURE 3 miR-200 family inhibition regulates incisor tissue composition and length. A-D, Hematoxylin and Eosin (H&E) staining of WT,
PMIS-miR-200a, PMIS-miR-200c and PMIS-miR-200a/c embryos at E11.5. E-H, H&E staining of WT, PMIS-miR-200a, PMIS-miR-200c and double

inhibitor lower incisors at E13.5 revealed smaller tooth buds in PMIS-miR-200c and double inhibitor embryos. I-L, The heads of E16.5 inhibitor
embryos were similar in size and grossly similar, containing upper and lower incisors, the tongue, palate and sinus cavity. M-P, Higher
magnification of the PMIS-miR-200a/c lower incisor revealed an expanded labial cervical loop region compared with WT, PMIS-miR-200a and
PMIS-miR-200c embryos. Q, The dental epithelial tissue from serial sections composing the entire lower incisor for each embryo was traced and
Imaris imaging software was used to create 3-D models. R, Lower incisors from three different embryos of each genotype were measured and
PMIS-miR-200c and PMIS-miR-200a/c lower incisors are shorter (N = 3, *P < .05, ***P < .01). S, Quantitation of the size of the LaCL stem cell
niche relative to WT is shown. Md, Mandible; Mx, Maxilla; Ht, Heart; Tg, Tongue; LI, Lower incisor; UI, upper incisor; LaCL, Labial Cervical Loop
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At E13.5, the oral epithelial tissue invaginates and mesenchyme

condenses around the dental epithelium to form a tooth bud. In WT,

PMIS-miR-200a, PMIS-miR-200c, and DI embryos, a lower incisor

tooth bud was identified (Figure 3E-H). However, in PMIS-miR-200c

and DI E13.5 embryos, there is a decrease in tooth bud size, associ-

ated with a decrease in the invaginating dental epithelial layer.

At E16.5, miR-200 family inhibition did not grossly alter craniofa-

cial organization (Figure 3I-L). The WT bell stage lower incisor con-

tains a labial cervical loop (LaCL) as well as polarized ameloblasts and

odontoblasts (Figure 3M). Loss of the miR-200a functional group did

not cause obvious morphological defects at E16.5 (Figure 3N). Inter-

estingly, miR-200c functional group inhibition lead to a 20% decrease

in incisor length compared with WT (Figure 3O,R). Upon inhibition of

both functional groups in DI embryos, lower incisors were more

severely decreased in length (by about 45%) and had other apparent

defects in epithelial cell structure (Figure 3P,R). In contrast, the PMIS-

miR-200c and DI embryos have an expanded stem cell niche compart-

ment (Figure 3O,P, respectively). Quantitation of the stem cell niche

size is shown (Figure 3S). 3-D reconstructions of the lower incisors

from these embryos confirmed the differences observed in individual

sections (Figure 3Q).

3.4 | miR-200 inhibition decreased gene
expression associated with enamel formation

The observed defects in incisor length suggested that the gene

expression program was altered upon inhibition of the miR-200 family.

In order to understand these changes, triplicate samples of WT and

PMIS-miR-200a/c RNA isolated from mandibles were used to perform

RNA sequencing (Figure 4). In PMIS-miR-200a/c mandibles, 583 genes

were upregulated, and 392 genes were downregulated compared with

the control, and a heatmap of the most significantly differentially

expressed genes was constructed (Figure 4A). A Volcano plot of dif-

ferentially expressed genes demonstrates that most of the changes in

gene expression were contained within ±5 of the Log2 of fold change

F IGURE 4 miR-200 family inhibition regulates several gene and cell fate pathways. A, Heatmap comparing statistically significantly altered
genes in triplicate samples of WT and PMIS-miR-200a/c mandibular RNA. B, A volcano plot showing the differences in gene expression. Blue
points represent genes that were significantly reduced with a fold change >2, and red represents significantly upregulated genes with a fold
change >2. C, A subset of some of the most significant GO terms are displayed. D, Altered stem cell type genes in triplicate samples of WT and
PMIS-miR-200a/c mandibular RNA identified by RNA-sequencing. Green letters in fold change indicate an increase in expression and red letter
are decreases in gene expression. E, Signaling pathways affected in the PMIS-miR-200a/c embryos. (N = 3)

768 THE miR-200 FAMILY REGULATES STEM CELL DIFFERENTIATION



(Figure 4B). Interestingly, GO term analysis revealed differences in

groups of genes associated with amelogenesis, biomineral tissue

development and odontogenesis (Figure 4C). Several stemness genes

were upregulated indicating that other than Sox2, other stem cell fac-

tors were increased by the inhibition of the miR-200 family

(Figure 4D). Interestingly, Shh was significantly down regulated in the

DI embryos (Figure 4E). Addition of Shh ligands to cell cultures specifi-

cally inhibits miR-200 expression and Shh is highly expressed in

the LaCL stem cell niche (data not shown). Thus, Shh acts to inhibit

miR-200 in the LaCL stem cell niche to maintain stemness. Other GO

terms suggested cell signaling and cellular adhesion are affected in the

PMIS-miR-200a/c embryos.

The RNA-seq. Results corroborate the histology data in which

many transcripts required for epithelial cell differentiation, as well as

the production of enamel, were significantly downregulated in PMIS-

miR-200a/c embryos. These results support the hypothesis that the

miR-200 family promotes the differentiation of DESCs.

3.5 | The miR-200 family compartmentalizes
proliferating epithelial cells to the LaCL and TAC
regions

The small lower incisor when the miR-200 family was inhibited

suggested a possible defect in epithelial cell proliferation. To deter-

mine if cell proliferation was affected, we injected pregnant E16.5

mice with BrdU, and sacrificed after 2 hours to label proliferating cells

(Figure 5A). In WT E16.5 lower incisors, BrdU+ cells were compart-

mentalized in the labial and lingual (LiCL) cervical loops as has been

reported previously (Figure 5B). Surprisingly, upon inhibition of either

miR-200a or miR-200c, there was an increase in the BrdU positive

domain in the dental epithelium (Figure 5C,D), compared with

WT. Epithelial cell proliferation was increased throughout the lower

incisor in DI lower incisors, and the majority of dental epithelial cells

were BrdU positive (Figure 5E). Quantitation of the number of BrdU+

cells is shown.

F IGURE 5 The miR-200 family regulates DESC proliferation. A, A timeline for the experiment. Pregnant mice staged to E16.5 were injected
with BrdU 2 hours prior to sacrifice. Embryos were harvested and staining for BrdU was used to identify proliferating cells. B-E, Immunostaining
for BrdU+ cells. Inhibiting either miR-200 functional group resulted in an increase in the domain of BrdU+ cells and in DI embryos the
proliferating cells were throughout the tooth germ. Quantitation of the number of BrdU+ epithelial cells is shown. F-I, p21 staining of the lower
incisor. p21 is expressed in the differentiated ameloblasts and odontoblasts in WT and single inhibitor mice. p21 staining was reduced in DI
embryo ameloblasts. J-M, enlargements of the boxed regions in F-I. N, Genes identified as upregulated by RNA-seq that promote cell cycle
progression beyond the G1/S checkpoint
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Typically, differentiating ameloblasts derived from proliferating

DESCs express the CDK inhibitor p21, promoting cell cycle exit.24 To

test if p21 expression was defective in the hyper-proliferative DI

lower incisors, we performed p21 immunohistochemical staining

in WT, PMIS-miR-200a, PMIS-miR-200c and DI lower incisors

(Figure 5F-I). At this stage, p21 is strongly expressed in WT and single

inhibitor lower incisors, and a higher magnification shows p21 is

expressed in the odontoblasts (OD), ameloblasts (AM), and some stra-

tum intermedium (SI) cells (Figure 5J). This expression pattern is

maintained in PMIS-miR-200a and PMIS-miR-200c lower incisors.

However, in PMIS-miR-200a/c DI lower incisors, p21 expression is

reduced in the dental epithelium including ameloblasts and SI cells

(Figure 5I), although some epithelial cells at the distal tip of the incisor

retain p21 expression. The expression of p21 was not altered in the

mesenchymal-derived odontoblast cells, consistent with the observa-

tion that these cells were not labeled by BrdU and therefore, not pro-

liferating in any of the examined genotypes. Several genes associated

with overcoming the G1/S cell cycle checkpoint were found to be

upregulated by RNA-seq in DI lower incisors (Figure 5N), suggesting a

possible mechanism.

3.6 | The differentiation of epithelial cells to
ameloblasts requires miR-200 expression

The defects observed in cell polarity and lower incisor stratification

prompted us to examine if other aspects of cellular differentiation were

affected in the PMIS inhibitor mice. In order to do so, we used immuno-

staining to label proteins expressed in ameloblasts, SI cells, and OEE cells.

To label ameloblasts we stained for dentin sialoprotein (Dspp) in WT, sin-

gle and double inhibitor embryos (Figure 6A-D). Interestingly, while Dspp

was highly expressed in the presecretory ameloblasts and odontoblasts in

the WT E16.5 lower incisor (Figure 6A), Dspp was decreased in embryos

expressing PMIS-miR-200a and PMIS-miR-200c (Figure 6B,C). DSP expres-

sion was almost completely absent in the DI lower incisor (Figure 6D).

Quantitation of Dspp fluorescence intensity is shown for panels A-D.

F IGURE 6 The miR-200 family promotes cell fate decisions of the SI/OEE layers. A-D, Dentin sialoprotein (Dspp), a transient marker of
presecretory ameloblasts at E16.5, is highly expressed in the WT lower incisor at E16.5. The inhibition of the miR-200 family decreased Dspp
expression in most of the cells, with only a few Dspp+ ameloblasts present at the distal tip of the DI lower incisor. The relative Dspp expression in
the sections is shown. E-H, Desmoplakin (Dsp) expression a component of desmosomes, was increased in the ameloblast region upon inhibition of
the miR-200 family. I-L, The outer enamel epithelium, which expresses Irx1, is thicker when the miR-200 family is inhibited. M, A list of
differentially expressed markers of ameloblasts/odontoblasts identified by the RNA sequencing experiment were down regulated in DI mandibles
compared with WT. N, A list of genes expressed in the SI/OEE layer are upregulated in DI mandible samples
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SI cells contact ameloblasts, presumably functioning to anchor

them to the other tooth structures through desmosomes.25 To assay

for defects in this layer, we stained for the marker desmoplakin (Dsp)

(Figure 6E-H). In WT and PMIS-miR-200a lower incisors, we found

that Dsp expression was specifically expressed by SI cells. Interest-

ingly, when miR-200c was inhibited, Dsp expression was increased in

the SI, and observed in the ameloblast region as well. In the DI

embryos, Dsp expression was greatly upregulated, and ubiquitously

expressed throughout the different layers of the lower incisor. To

examine the outer enamel epithelium (OEE) and SI, we stained for

Irx1, which was specifically expressed in both WT cell layers

(Figure 6I). In PMIS-miR-200a, and PMIS-miR-200c lower incisors, the

Irx1+ cell layers are expanded (Figure 6J,K). The combined layer of

apparent SI and OEE cells in the DI embryos show an increase in Irx1

expression (Figure 6L).

The immunostaining experiments suggested that ameloblast dif-

ferentiation had been compromised while the SI and OEE layers were

expanded. To further confirm these results, the expression of markers

for these different regions were examined in the RNA-seq data set

(Figure 6M,N). Markers specific for ameloblasts, were downregulated

in PMIS-miR-200a/c lower incisors compared with WT. Conversely,

the expression of markers associated with the SI and OEE layers were

increased. From these data, we conclude that the differentiation of

ameloblasts requires the miR-200 family and that the inhibition of

miR-200 results in the loss of ameloblasts and the expansion of the

OEE layer or a combined SI and OEE layer. These data indicate that

the miR-200 family plays an essential role in dental epithelial cell orga-

nization and differentiation of ameloblasts.

3.7 | miR-200c regulates autophagy mechanisms of
the dental epithelium promoting cell survival

Although epithelial cell proliferation increases when the miR-200 fam-

ily is inhibited, the overall length of the lower incisor is decreased

(Figure 3Q,R), suggesting a loss of cells through a programmed cell

death pathway. Probing the lower incisors from E16.5 embryos using

terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling

(TUNEL) staining to identify dying cells revealed that WT E16.5 lower

incisor epithelia did not contain dying cells in the enamel organ, and

inhibiting the miR-200a functional group did not result in cell death

(Supporting Information Figure S4A,B). However, inhibiting the

miR-200c functional group resulted in epithelial cell death, and

inhibiting both functional groups resulted in an increase in the detect-

able number of dying cells (Supporting Information Figure S4C,D). By

quantifying the number of TUNEL+ cells in each group, we found on

average 9.66 dying cells/incisor when only the miR-200c functional

group was inhibited, and 22 dying cells/incisor when both functional

groups are inhibited (Supporting Information Figure S4O, N = 3).

To further understand the mechanism by which the epithelial cells

were dying in the DI lower incisor, IHC staining for cleaved caspase

3 (CC3) was performed. CC3 is a marker for cells undergoing apopto-

sis through a caspase dependent cell death pathway.26 Surprisingly,

although TUNEL+ and CC3+ cells were identifiable in the vestibular

lamina of WT and DI lower incisors at this stage (Supporting Informa-

tion Figure S4M,N,M0-N0 , arrows), no CC3+ cells were found in WT

and PMIS-miR-200a lower incisor enamel organs, or in the TUNEL+

region observed in the PMIS-miR-200c and DI lower incisors

(Supporting Information Figure S4I-L), suggesting that the cells are not

undergoing caspase-dependent programmed cell death.

Previous work has demonstrated a link between dental epithelial

cell death and autophagy,27 and it has been demonstrated that

miR-200c negatively regulates autophagy through indirectly inhibiting

levels of LC3 protein.28,29 To test the lower incisors for indications of

autophagic cell death, we stained for LC3, a marker of autophagy.

Interestingly, in WT and PMIS-miR-200a lower incisors, only a few

LC3+ cells were observed in the transient amplifying zone of the

lower incisor (Supporting Information Figure S4E,F), which is consis-

tent with previous reports. However, in PMIS-miR-200c and double

inhibitor lower incisors, LC3 expression is expanded, indicating an

increase in autophagy (Supporting Information Figure S4G,H). Thus,

we conclude that PMIS-miR-200c and DI lower incisors are smaller

due to an increase in autophagy-dependent programmed cell death,

and that the miR-200c functional group regulates autophagy in the

dental epithelium.

To better understand the mechanisms of autophagy in the

PMIS-miR-200 embryos and dental epithelial cells, PMIS-miR-200a/c

embryos were analyzed using the LC3AB antibody, which recognizes

two forms of LC3 protein (LC3I and II), including one (LC3II) that is

processed under autophagy conditions. As shown in the previous

figure (Supporting Information Figure S4) we detect increased LC3

protein in the PMIS-miR-200a/c embryos (Supporting Information

Figure S5A). LS-8 oral epithelial cells and cells transfected with PMIS

empty vector were starved to induce autophagy and treated with

chloroquine to accumulate autophagosomes, demonstrated an

increase in LC3 expression, while untreated cells did not show expres-

sion of the LC3 autophagy marker (Supporting Information

Figure S5B). However, PMIS-miR-200a, PMIS-miR-200c and PMIS-miR-

200a/c transfected cells all showed LC3 expression and starvation

and treatment with chloroquine did not significantly increase LC3

expression (Supporting Information Figure S5B). Interestingly, we

assayed for PRAS and P-PRAS expression (part of mTORC1 pathway)

in LS-8 cells transfected with PMIS-miR-200 constructs and found no

significant differences in the levels of these proteins (data not shown).

These data demonstrate that the miR-200 family acts independently

of mTORC1 to inhibit autophagy.

4 | DISCUSSION

4.1 | The miR-200 functional groups regulate
different developmental aspects of an ectodermal
appendage

We examined the role of the miR-200 family in regulating an ectoder-

mal stem cell niche. This is the first in vivo report demonstrating the
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functional role of the miR-200 family in compartmentalizing and

maintaining a stem cell niche. Furthermore, miR-200 expression is

required for progenitor cells exiting the niche to differentiate. By

inhibiting miR activity based on seed sequence homology, we found

distinct roles and functions of each miR-200 family functional group.

For example, inhibiting miR-200c, but not miR-200a, resulted in

increased autophagy and cell death. PMIS-miR-200c and DI E16.5

embryos have reduced size incisors, defects in cellular differentiation

due to a lack of stem cell compartmentalization and epithelial cell dif-

ferentiation (Figure 7). Interestingly, the phenotype of DI embryos

was more exaggerated than the phenotype of embryos expressing

either individual inhibitor, suggesting a genetic interaction between

the distinct targets of the miR-200 family functional groups.

4.2 | The miR-200 family regulates DESC
differentiation and the compartmentalization of the
epithelial stem cell niche

We demonstrate that DESC differentiation can be specifically attrib-

uted to the miR-200 family. Indeed, inhibiting the miR-200 family

resulted in the complete loss of typical ameloblast cells, which failed

to polarize and did not express typical differentiation markers, such as

Dspp and p21 in early development. Instead, these cells were positive

for Desmoplakin, a marker typically only expressed by the SI. The SI

and OEE layers were also physically disorganized in DI incisors, and

indiscriminately expressed Desmoplakin and Irx1, which are specific SI

and OEE markers in WT lower incisors.30 Markers of the SI and OEE

layers were increased in PMIS-miR-200a and PMIS-miR-200c lower

incisors, suggesting the miR-200 family promotes the ameloblast cell

fate and inhibits the SI/OEE fates. However, the SI layer appears to

be disrupted in the PMIS-miR-200a/c lower incisors. Interestingly, the

differentiation of odontoblasts was also decreased by the inhibition of

the miR-200 family. This would be predicted as a result of the loss of

ameloblast differentiation, as previous reports have identified that

odontoblast differentiation requires signaling from preameloblast

cells.31

4.3 | The miR-200 family regulates multiple stem
cell factors

The inability of the dental epithelium to properly organize in DI

embryos is not surprising given that many of these cells failed to exit

the cell cycle. While inhibiting either miR-200 family functional group

resulted in the expansion of the proliferative zone of the lower incisor,

the inhibition of both functional groups simultaneously resulted in the

complete loss of the compartmentalization of progenitor cells under-

going proliferation. The maintenance of the lower incisor DESC popu-

lation depends on proliferation of these cells within the LaCL, and our

F IGURE 7 A model for the miR-200 family in promoting the differentiation of DESCs in the lower incisor. A, In WT lower incisors, the labial
cervical loop does not express the miR-200 family due to Shh signaling. This allows for the expression of different transcription factors, including
Sox2, Pitx2, and Tbx1, among others, to be strongly expressed and promote DESC maintenance. When these cells migrate distally away from the
LaCL, the miR-200 family becomes activated and shuts down the expression of these transcription factors, promoting the differentiation of the
DESCs into the three major stratified layers of the lower incisor (ameloblasts, stratum intermedium, outer enamel epithelium). B, When the
miR-200 family is inhibited, the transcription factors that maintain the stem and progenitor status of the dental epithelium are no longer
repressed. They become decompartmentalized, and the dental epithelial tissue becomes poorly differentiated and disorganized. The DESC
program, which under normal conditions is only present in the labial cervical loop, becomes active in the lingual cervical loop as well. Markers of
the ameloblast cell lineage are downregulated and ameloblast differentiation is impaired, while markers of the SI and OEE layers are upregulated
and these regions are expanded
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group and others have demonstrated that this proliferative capacity

depends on the expression of Sox2.13 In the PMIS-miR-200a/c inhibi-

tor embryos, Sox2 expression was expanded outside of the LaCL, con-

tributing to the hyperproliferative phenotype observed in DI lower

incisors. Other DESC markers were also increased in the expanded

LaCL including Tbx1, Klf4, Lef-1, Lgr5, ABCG2, Yap, Gli1, ITGA6, and

E-cadherin. These factors are expressed in other types of stem cells

and regulate the stem cell niche.15,32-35 The RNA-seq. Data provides

compelling evidence that the miR-200 family controls the expression

of multiple stem cell factors either directly or indirectly. Several animal

models have shown that Pitx2, Bmi-1, Gli-1, Ptch-1, Lef-1, and miRs

can all modulate the stem cell niche.2,3,13,15,33,36 Interestingly, the

miR-200 family directly regulates Pitx2, Sox2, Klf4, Bmi-1, and

Lef-1.3,4,20 Other factors are indirectly regulated by the increased

expression of selected transcription factors or signaling pathways.

4.4 | Several signaling pathways are modulated by
the miR-200 family

Several signaling pathways are enhanced in the dental stem cell niche.

For most stem cell types the simultaneous activation of several path-

ways are required for continuous stem cell self-renewal. In neural

stem cells (NSC) the fibroblast growth factor (FGF), brain-derived neu-

rotrophic factor (BDNF), and sonic hedgehog (Shh) signaling pathways

are required for mammalian NSC self-renewal in vivo.8 Therefore, a

combination of signals are needed to control stem cell self-renewal,

and many appear to function as short-range signals. Therefore, stem

cells must stay inside the niche in order to maintain long-term self-

renewal.37 Furthermore, adhesion molecules such as E-cadherin are

required to anchor stem cells in their niche. In the DI expanded DESC

niche we find that E-cadherin was increased (1.15-fold, P = .3), consis-

tent with E-cadherin as a stem cell marker. Interestingly, Shh is down-

regulated while Bmp4 is increased in the DI embryos, it has been

shown that Shh is required for the maintenance of the epithelial stem

cell niche and the generation of ameloblast cells from Sox2+

cells.7,33,35,38 BMP expressed in mesenchymal cells may inhibit epithe-

lial Shh function to allow for maintenance of the dental epithelial stem

cells and inhibit differentiation. Shh inhibits miR-200 family expression

(data not shown) but also that a lack of miR-200 decreases Shh

expression.

Shh is required for the generation of ameloblasts, but not stratum

intermedium cells from the epithelial stem cells.33 Shh is highly

expressed in the DESCs and inner enamel epithelial progenitor cells

that give rise to the ameloblasts. We show that both the pool of outer

enamel epithelium and stratum intermedium cells are increased in the

PMIS-miR-200 embryos, although they are poorly differentiated.

Notch signaling controls the maintenance and differentiation of many

different stem cell types.39-41 Notch2 is upregulated in the PMIS-miR-

200 embryos and Notch2 may play a role in progenitor specification

of the OEE and SI cell layers.42 This adds another level of cell fate and

signaling pathway regulation by the miR-200 family.

4.5 | Dental epithelial cell survival requires the
modulation of autophagy levels by miR-200c

In addition to promoting the differentiation of DESCs, miR-200c

inhibited autophagy in the developing incisor. The inhibition of

miR-200c resulted in an unchecked increase in autophagy leading to

epithelial cell death, which was exacerbated in DI lower incisors as

demonstrated by the greater number of TUNEL+ cells. These cells

did not activate the canonical apoptotic program, suggesting their

demise can be attributed directly to increased levels of cellular

autophagy.43 The autophagy program is a check to control stimu-

lated stem cell proliferation without appropriate progenitor cell

differentiation.

4.6 | The miR-200 family promotes ameloblast fate
choice

The epithelium of the lower incisor was classically described as aris-

ing from a single population of Sox2+ cells that then gave rise to all

cell lineages through a transient Srfp5+ cell population.15 A more

recent work revised this classical model by examining incisor epithe-

lial cell differentiation using scRNA-seq, but also concluded that the

distinct epithelial cell layers of the lower incisor are derived from a

common pool of cycling progenitors.44 However, the cell autono-

mous and nonautonomous mechanisms that influence cell fate deci-

sions are unclear. In this work, we show that the miR-200 family is

required for unspecified epithelial cells to differentiate into amelo-

blasts, and that inhibiting the miR-200 family results in the expan-

sion and disorganization of the SI and OEE layers. Our results

suggest that the SI/OEE fate is the default of differentiating epithe-

lial cells and that the miR-200 family is required to alter this fate

decision.

4.7 | Stem cell niche organization depends on the
expression of miRs

Overall, we demonstrate that the functional groups of the miR-200

family have independent as well as overlapping roles during develop-

ment that promote the organization of the lower incisor through

balancing opposing processes including cell differentiation and prolif-

eration. These miRs function through regulating the spatial expression

of target genes. This work demonstrates a previously unrecognized

strategy by which tissues can compartmentalize different cell types,

including stem cells. This strategy might be unique to ectodermal

organs such as teeth, but it is far more likely that it is a conserved

mechanism utilized by other organs to promote tissue homeostasis as

well. Small RNAs are rapidly advancing toward the clinic and under-

standing how they regulate stem cell niche behavior in different bio-

logical contexts will create powerful tools in the fields of regenerative

medicine.
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5 | CONCLUSIONS

We developed the Plasmid based miR Inhibitor System (PMIS) to study

each functional group by inhibiting miRs through seed sequence com-

plementation. The PMIS is efficient, specific, shows no off-target effects

and is non-toxic. The PMIS inhibitor system is one of the most efficient

technologies for studying the in vivo function of miR families and indi-

vidual miRs within a cluster. This new approach has identified several

new scientific advancements in stem cell niche biology.

*miR-200 family members are required for in vivo epithelial stem cell

differentiation and stem cell niche maintenance.

*The miR-200 family regulates genes required for generating the dif-

ferent dental epithelial cell lineages.

*miR-200 expression may be a common mechanism for defining the

boundries of adult epithelial stem cell niches.

*By inhibiting the miRs that become active when a progenitor cell

becomes fated to differentiate, the in vivo cell differentiation pro-

grams are determined assuming their terminal fates.

*Dental epithelial stem cells are regulated by members of the miR-200

family to yield the differentiated progeny that become stratum inter-

medium, outer enamel epithelium, inner enamel epithelium, stellate

reticulum and ameloblasts.

The PMIS is different than chemically modified anti-miR oligo-

nucleotides (AMOs) and locked-nucleic acids (LNAs) that bind miRs

transiently and inefficiently, do not remain in dividing cells and

require repeated large doses of oligos in cells to be effective and

they have severe off-target effects. Furthermore, these oligos can-

not distinguish between a one nucleotide difference in miR families

such as miR-141 and miR-200c however the PMIS can effectively

and efficiently inhibit one without affecting the function of the

other closely related miR. This technology demonstrates the differ-

ential effects of the miR-200 family in the regulation of the epithe-

lial stem cell niche.
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